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Abstract: The brains of woodpeckers are among the relatively largest in birds. Differences in brain size among species correlate 
with foraging behavior and migration: species that hammer a lot tend to have bigger brains, while those of migrants are smaller. 
Extractive foraging and use of anvils may be associated with well-developed brains. Brain size is also related to the stress on the 
brain during pecking. Our analyses based on microCT scans support the findings of GlBSON (2006) that woodpeckers, because of 
their small absolute brains, can withstand accelerations without suffering from injuries about 16 times than can humans. We dis¬ 
cuss the relationships between brain size and cognition, and speculate on the possible advantages of large brains in the context 
of reserve capacity as insurance against the consequences of brain injuries. 
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Introduction 

A quick search through the internet reveals a clear 
public interest in the question why woodpeckers do not 
suffer from serious brain or eye injuries, a question that 
has held even the attention of scientists working in var¬ 
ious fields for quite a while and continues to do so 
(Becher 1953; Gordon 1976; Gibson 2006; Oda et al. 
2006; Wygnanski-Jaffe et al. 2007; Wang et al. 2011; 
Lizhen et al. 2013; Zhu et al. 2014; Liu et al. 
2015).This topic, while interesting and dealt with in 
the contribution by Bock (this volume), distracts from 
other intriguing facts about the brains of woodpeckers. 

Overall brain size in birds has received some atten¬ 
tion in the past two decades, with attempts to relate it 
to certain cognitive abilities. In particular Louis 
LEFEBVRE and his co-workers stressed the positive rela¬ 
tionship between relative forebrain size and behavioral 
flexibility, measured mainly as the frequency at which 
new and/or unusual feeding techniques had been 
reported of a species in the ornithological literature 
(LEFEBVRE et al. 1997, 2004). Actually it was PoRTMAN 
and his students who pioneered this type of research. 
He was particularly intrigued by the extraordinary fore- 
brain development of woodpeckers (1951). Another 
consistent correlation emerged a bit later when 
researchers discovered that the (fore)brain size of long¬ 
distance migrants is smaller than that of closely related 
residents both in birds and bats (WINKLER et al. 2004; 
Sol et al. 2005, 2010; Pravosudov et al. 2007; 
McGuire & Ratcliffe 2010; Fuchs et al. 2014). 

Here we will summarize briefly what is known 
about the brains of woodpeckers with respect to gross 


morphology and neurobiology, and then focus on the 
size of woodpecker brains and its implication for behav¬ 
ior, comparative studies, and also, impact injuries. 

Some characteristics 
of woodpecker brains 

Figure 1 gives a general impression of the size and 
position of woodpecker versus songbird brains. 
Dennler (1919) and BECHER (1953) characterize the 
brain of woodpeckers as follows: The dorsal surface is 
rather round, with a groove at the nasal end. The sagit¬ 
tal grove is not very deep, the bulbus olfactorius cannot 
be seen from above. The frontal parts are strongly 
arched, and the cerebellum is broad, and so is the 
medulla. The cranium fits closely around the brain, so 
endocasts very much look like real brains (cf. KAWABE 
et al. 2013) and the cortex is small and rudimentary as 
in all modern birds, with no cortical areas on the sur¬ 
face that faces in the direction of the impact forces gen¬ 
erated when excavating (BECHER 1953). While the cor¬ 
tical development is poor, the basal ganglia are big leav¬ 
ing little room for the ventricles which are thin slits or 
completely reduced. However, birds do not possess a 
six-layered cortex like mammals do, and these state¬ 
ments need to be contrasted with the current views on 
the homologies between mammalian and avian brains 
(The Avian Brain Nomenclature Consortium 2005; 
Aboitiz & Zamorano 2013). According to Becher 
(1953), the histological structure of the woodpecker 
brain does not differ from the general avian condition. 

Woodpeckers are altricial and thus possess all the 
features of the brain typical for birds with that type of 
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Fig. 1: Sagittal 
sections of the heads 
of a Blackbird (left) 
and a Great Spotted 
Woodpecker (right). 

Brains and spinal 
cords are shown in 
red. Pictures were 
generated on the 
basis of microCT scans. 
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development: late differentiation of the myelin sheaths 
and a relatively large (fore)brain (PORTMANN 1946, 
1947, 1962; Bennett & Harvey 1985; Ricklefs & 
Starck 1998; IWANIUK & Nelson 2003). The cerebral- 
ization index used by PORTMANN ( 1951) for his compar¬ 
ative studies in vertebrate brains is rather high in wood¬ 
peckers (4-62 for the wryneck and 11.04-19.35 in the 
Picinae). 

The olfactory bulb comprises 8-14-3 % of the cere¬ 
bral hemispheres’ diameter. This is about the relation 
found in starlings, hut substantially higher than in 
finches and sparrows, and about half of that found in 
Procellariformes (Petrels and albatrosses) and the Kiwi 
(Bang & Cobb 1968). 

Brandis (1896) published a comparative study of 
avian cerebella in which he found, among other things, 
clear differences between the cerebellum of the wryneck 
and the true woodpeckers, of which his sample had five 
species. Both groups were also found to differ in this 
respect from the barbets. In his judgement, the wryneck 
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Fig. 2 : Brain size - body size regressions in woodpeckers (black), barbets and 
toucans (blue), and pigeons and doves (green). Data from MlIkovsky (1989). 
Triangles denote long distance migrants; these species were not included 
when computing the regression parameters. 


had a more primitive cerebellum than the other picids 
(see also Dennler 1919). At that time the sister-group 
relationship between the honeyguides and the wood¬ 
peckers was not yet established, and BRANDIS therefore 
was surprised to find more similarities between the cere¬ 
bella of the woodpeckers and honeyguides than between 
the former and the barbets. Taken all this together, he 
came to the conclusion that the honeyguides and wood¬ 
peckers have the most differentiated cerebellum of the 
Pici, in which (along with FUBRINGER (1888) he had 
included the barbets, toucans, honeyguides, and wood¬ 
peckers. Within the cerebellum, the trigeminal and 
visual parts are particularly enlarged, a condition also 
found in parrots and crows (SULTAN 2005). 

It is also interesting to note that certain pathologi¬ 
cal conditions in the brain of ageing humans have also 
be discovered in woodpeckers, whereas little is known 
in other birds (NAKAYAMA et al. 1999). 


Brain size 

Introduction 

Brain size generally correlates with body size. This 
relationship is allometric with coefficients 0.574 to 
0.609 (Nealen & Ricklefs 2001). This means that 
brains get relatively smaller as body size increases 
(RENSCH 1958). It is important to realize that slopes are 
more or less similar among groups of birds and mammals 
and that the differences are mainly found in the multi¬ 
plier in the allometric function, or in the intercept in 
the log-log relationships between body mass and other 
morphological or physiological variables. To find rela¬ 
tionships between brain size and other variables, one 
has therefore always to take the body-brain size relation¬ 
ship into account. One way is to take the residuals from 
a body-brain size regression; another is to apply multi¬ 
variate regression techniques. 

Researchers have repeatedly noticed the surprising 
fact that woodpeckers are among the birds with the rel¬ 
atively biggest brains (e.g. PORTMANN 1962; LEFEBVRE et 
al. 2004; Ricklefs 2004; Cnotka et al. 2008; Figure 2). 
The Great Spotted Woodpecker has a brain about 1.6 
times larger (2.7 ml) than the similarly sized blackbird 
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(Turdus merula; 1.4 ml). The brain of a Black Wood- 
pecker, for instance, is as large as the one of the exceed- 
ingly intelligent New Caledonian Crow (C orvus moned - 
uloides), or even larger (Cnotka et al. 2008). Most 
researchers would agree that relative brain size is corre¬ 
lated with behavioural complexity. However, to actually 
operationalize “behavioural complexity” is not a simple 
matter. Likewise, the problem of how different parts of 
the brain contribute to cognitive performance is not 
easily solved. Even the role of absolute versus relative 
brain size for cognitive abilities is still not clear. For 
instance, Deaner et al. (2007) found that absolute 
brain size may be a better predictor of cognitive abilities 
than its relative size. 

Several studies in passeriform birds had claimed that 
birds that cache food extensively and exhibit astonish¬ 
ing abilities to recover individually stored food items 
also possess a comparatively large hippocampus. This 
region in the forebrain is known to be involved in form¬ 
ing long-term memories. Strange discrepancies between 
European and American tits (LUCAS et al. 2004) illus¬ 
trated some methodological difficulties that arise from 
the fact that the various parts of the avian brain are 
often difficult to separate in practice. To cut a long story 
short, published differences in the size of the hippocam¬ 
pus not only reflected biological differences, but also 
trans-Atlantic differences in lab procedures. With 
respect to woodpeckers, brain size differences could be 
related to differences in caching behavior only within 
Melanerpes; otherwise no obvious such relations were 
found (Volman et al. 1997; Garamszegi & Eens 2004; 
Sherry 2006), and woodpeckers have a slightly smaller 
hippocampus than the otherwise relatively small- 
brained honeyguides (CORFIELD et al. 2013). 

We provide here some more data on total brain sizes 
of woodpeckers and their relationship with some aspects 
of their behavior and ecology. 

Methods 

Brain sizes were measured by filling crania with 
small (0.397 mm diameter) steel balls (ISOMETALL 
Handelsgesellschaft Schmidt, u. Co., Pleidelsheim, Ger¬ 
many) instead the lead shot used in other studies (e.g. 
Mli'kovsky 1989; Iwaniuk & Nelson 2001). These vol¬ 
umetric measures were adjusted to mass using a brain 
density value of 1.03g*cm' 3 (Mli'kovsky 1989a). These 
data were used to augment the data presented by 
Mli'kovsky (1989b), Kawabe et al. 2013 and Andrew 
Iwaniuk (pers. comm.). 

To determine other dimensions of the brain, 3D 
size-calibrated images based on microCT scans of three 
specimens one Great Spotted Woodpeckers, one 
Eurasian Green Woodpecker, and one Blackbird (Tur¬ 


dus merula ) from the Natural History Museum Vienna 
were obtained at the the MicroCT Imaging Lab of the 
University of Veterinary Medicine, Vienna. 


Results 

Allometric relation with body size 

Figure 3 shows the relationship between body size 
and brain size in 67 species of woodpeckers using a stan¬ 
dard log-log regression. The allometric coefficient was 
0.72 or approximately 3 4. Reduced major axis analysis 
(WARTON et al. 2006) yielded a coefficient of 0.76. 


Relations with behavior 

Woodpecker brain size is not related to simple meas¬ 
ures of sociality. Neither published nor our own analyses 
indicate a relationship (Burish et al. 2004; Beauchamp 
& FernAndez-Juricic 2004). Often woodpeckers are 
considered to be aggressive and solitary. This may be 
true for some northern species, but cannot be general¬ 
ized because many species, especially in the subtropics 
and tropics, maintain pair and family bonds throughout 
the year and over years (see chapter on behavior, this 
volume). Hence, the ideas on social bonds put forward 
by Emery et al. (2007) and Shultz & Dunbar (2010) 
should be considered seriously as an explanation for the 
generally large size of woodpecker brains. 


WINKLER (2008) suggested that extractive foraging 
associated with strong hammering and great skill in 
manipulating objects, and using anvils as tools may 
explain brain size differences among woodpeckers. 
Indeed, some of the cognitive abilities of the Great 
Spotted Woodpecker, a species that uses hammering a 
lot (Fig. 4), are astounding (GAJDON, this volume). A 
comparison between species that excavate extensively 



Fig. 3 : Brain size 
- body size 
regressions in 
67 species of 
woodpeckers. 
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Fig. 4: Relationship 
between the role 
of excavating in 
foraging and brain 
size (corrected for 
body size) in three 
pied woodpeckers 
(Leiopicus medius, 
Dendrocopos syria¬ 
cus, D. major). 
Foraging data from 
Winkler 1973. 
Based on brain 
volumina of 10 
major, 3 syriacus 
and 4 medius speci¬ 
mens. Adapted 
from Winkler 2008. 
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when foraging and those that do not showed a highly 
significant difference, with a larger brain being associ¬ 
ated with excavating. Comparing three sympatric pied 
woodpeckers for which quantitative foraging data are 
available (Winkler 1973, Fig. 4) also showed a signifi¬ 
cant relationship with brain size (p<0.00001, Anova). 
A multiple regression analysis revealed that body size, 
excavating, and migratory behavior together explain 
96% of the variation in brain volume among 66 species 
of woodpeckers (p < 0.00001, F 3 62 = 4 7 4). Excavating 
as an important foraging technique correlates positively 
with brain size (p < 0.00001), and, as expected, nega¬ 
tively (p < 0.05) with migration (we included also 
short-distance migrants). 


Scaling and brain injury 

GlBSON (2006) made an important contribution to 
the problem of brain injury by pointing out that size 
does matter in this context. In other words, by the laws 
of physics the effects of impacts decrease with mass and 
affected area. Research on humans showed that the 


Fig. 5: Brains of 
humans (left) and 
woodpeckers (right) 
modeled as 
hemispheres accor¬ 
ding to Gibson 
(2006). Formulae for 
the area of impact 
when the hitting 
force is horizontal are 
given above the sche¬ 
matic representations 
of the hemispheres. 
See text for further 
explanations. 
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damage to the brain depends on acceleration and dura¬ 
tion of the impacts (e.g. OMMAYA & FIlRSCH 1971; 
Ono et al. 1980; Greenwald et al. 2008; Viano 2012). 
GlBSON (2006) approximated the shape of the brain by 
a hemisphere and assumed that the woodpecker brain is 
oriented differently from the human brain by an angle 
of 90° resulting in half of the projected contact area of 
the woodpecker brain against the skull. As Figure 5 
shows, this approximation looks rather coarse. By 
measuring the area of brain cross-sections normal to 
the axis of the upper bill we found that the area of con¬ 
tact would be 256 mm 2 in the Great Spotted Wood¬ 
pecker (only one specimen measured) and 335 mm 2 in 
the Eurasian Green Woodpecker. A sphere correspon¬ 
ding to a brain of 1400 g (assumed for humans, GlBSON 
loc. cit.) and a density of 1.03g*cm' 3 (see methods) 
would have the radius of 7.56 cm. The corresponding 
calculations for a Great Spotted Woodpecker would 
yield a radius of 0.958 cm. According to GlBSON (2006) 
on impact a brain area of roughly 148 cm 2 would be 
exposed in the case of the human brain, and 2.37 cm 2 
in the Great Spotted Woodpecker, given a brain vol¬ 
ume of 2.745 cm 3 (mean of 10 volumetric measure¬ 
ments). However, shape and orientation of the wood¬ 
pecker’s brain differ from these assumptions. The actual 
area exposed in the case of the Great Spotted Wood¬ 
pecker according to our measurements was 2.56 cm 2 , 
8% more than in the simple estimate. The value for the 
Eurasian Green Woodpecker would be 3.28 cm 2 for the 
hemispheric approximation, and 3.35 cm 2 (2% more) 
for the measured value. Let us finish with a few compar¬ 
isons of stress values on those brains. Assuming that a 
human brain can tolerate an acceleration of 15.7g/s 2 for 
the duration of a millisecond (GlBSON 2006), we would 
calculate according to standard mechanics and from 
the figures given above a stress value of about 
296g/cm*s 2 . This is compared with the stress of 
21.5g/cm»s 2 on a Eurasian Green Woodpecker’s or 
17.3g/cm»s 2 on a Great Spotted Woodpecker’s brain at 
the same acceleration and using the empirically found 
values for the exposed areas. Thus, the translational 
acceleration the brains of these woodpeckers could 
withstand without injury is 14 to 17 times that of a 
human due to the mass differences alone. 

Discussion 

„The effect of increased relative brain size on behav¬ 
ior is one of the thorniest issues in comparative neuro- 
biology”. There is little to add to this statement of 
Glenn NORTHCUTT (2002). Our analyses, too, are cor¬ 
relational and can only serve as first indication of rele¬ 
vant causal relationships. Total brain size may reflect 
both the size of the telencephalon and the cerebellum 
which may more important for certain cognitive abili- 
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ties than generally thought (e.g. SULTAN 2005). The 
relationship with migration found here is dominated by 
the small brain of the Eurasian Wryneck. A comparison 
with the sedentary Rufous-throated Wryneck would 
clearly be desirable in this case. Reasons why migrants 
have smaller brains are discussed extensively in the lit¬ 
erature (Winkler et al. 2004; Sol et al. 2005, 2010, 
Pravosudov et al. 2007; McGuire & Ratcliffe 2010; 
Fuchs et al. 2014; see also Safi et al. 2005) and need 
not to be repeated here. 

It remains an open question whether the clearly dif¬ 
ferent brain structure and size of wrynecks (BRANDIS 
1896; Dennler 1919) are due to adaptations to drilling 
in the Picinae. IWANIUK et al. (2007) found a strong 
phylogenetic signal in cerebellum development within 
birds and a weak positive correlation with strong 
hindlimbs. Their study included two woodpecker 
species and no wrynecks 

Another project would be to confirm the results 
found for parrots, namely that larger brains occur in 
species that live in areas with greater climatic instabil¬ 
ity (Schuck-Paim et al. 2008) 

Hammering and drilling are clearly related to brain 
size, a fact that BURT already mentioned in passing in 
his paper on woodpecker functional morphology (BURT 
1930, p. 471, Fig. 2). This may be related to the cogni¬ 
tive skills of those species of woodpeckers that use these 
foraging techniques (GAJDON & WINKLER this volume); 
anvil use should be mentioned here particularly (FEFEB- 
VRE et al. 2002; Yl et al. 2014). It remains to be shown 
that the density of neurons remains the same in big¬ 
brained versus smaller-brained species. The vague state¬ 
ment of BECHER (1953) that he found no histological 
differences between woodpeckers and other birds needs 
to be confirmed. 

As already discussed by Bock (this volume), studies 
of woodpeckers as models for protecting humans from 
brain injury fail to acknowledge some basic biological 
facts. One is brain size and has been referred to first by 
GlBSON (2006) and elaborated on as well in our analy¬ 
ses. In the light of our empirical measurements, the 
hemispheric model presented by GlBSON (2006) seems 
to constitute an acceptable first approximation for bio¬ 
mechanical considerations. We consider modeling the 
brain as a sphere as in Oda et al. (2006) as obsolete. All 
the other adaptations to hammering found in wood¬ 
peckers are mainly to withstand the forces on the bones. 
The cranium of woodpeckers does not provide more 
protection to the brain than in any other bird and can¬ 
not serve as a prominent model for biomimicry research. 
The claims by Yoon & Park (2011) or Yoon et al. 
(2009), for instance, are not justified. 


In closing, we offer a speculation that incorporates 
both cognition and the problem of brain injuries. It rests 
partially on the assumption that in the long run ham¬ 
mering does have some negative consequences, and also 
on the observation of a woodpecker brain with amyloid 
angiopathy (NAKAYAMA 1999). The latter has to our 
knowledge not been studied or found yet in other birds. 
Coping with damage to complex structures depends on 
the number of critical elements involved, and the rela¬ 
tion with age follows a function that drops off sharply 
towards the end of the life-span (WlTTEN 1985). A 
brain that starts big and unharmed thus provides reli¬ 
able functioning for the whole life span. With this 
reserve capacity (cf. Graves et al. 1996; Mori et al. 
1997; Stern 2003) as an adaptation in long-lived 
species, brain capacity for cognitive performance is 
made available that may incur further selective advan¬ 
tages for larger brains. This hypothesis could be tested 
with studies on brain histology of ageing birds with dif¬ 
ferent risks of brain injury. 
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